The natural rubber latex extracted from the bark of Hevea brasiliensis plays various important roles in today's modern society. Post-translational modifications (PTMs) of the latex proteins are important for the stability and functionality of the proteins. In this study, latex proteins were acquired from the C-serum, lutoids and rubber particle layers of latex and without using prior enrichment steps, they were fragmented using collision-induced dissociation (CID), higherenergy collisional dissociation (HCD) and electron-transfer dissociation (ETD) activation methods. PEAKS 7 were used to search for unspecified PTMs, followed by analysis through PTMs prediction tools to crosscheck both results. There were 73 peptides in 47 proteins from H. brasiliensis protein sequences derived from UniProtKB were identified and predicted to be posttranslationally modified. The peptides with PTMs identified include phosphorylation, lysine acetylation, N-terminal acetylation, hydroxylation, and ubiquitination. Most of the PTM's discovered has yet to be reported in UniProt and would provide great assistance in the research of the functional properties of H. brasiliensis latex proteins, as well as being useful biomarkers. The data are available via MassIVE repository with identifier MSV000082419. 
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Introduction
The rubber tree (H. brasiliensis) produces rubber latex which are formed from the laticifer cells and stored in the inner bark of the tree inside the anastomosing laticifer rings. The rubber latex, which is actually a living cytoplasm, consists of three subcellular fractions; rubber particles, C-serum and lutoids (Moir 1959; Dickenson 1969; Zhao 1987) . All three fractions contain proteins involved in various biological pathways; such as latex biosynthesis, rubberwood formation, latex allergenicity and disease mechanism (Rahman et al. 2013) .
Post-translational modifications (PTMs) of proteins are an important process undergone by proteins for the regulation of aforementioned biological pathways, particularly the latex biosynthesis (Tong et al. 2017) . As the name suggests, it occurs following the translation of amino acids in the later part of the protein biosynthesis. The chemical modifications that occur on individual amino acid residues could be in the form of cleavage formation at a specific points, deletions or additions of chemical molecules, and also conversion or modification of the side chains. Examples of PTMs undergone by proteins include phosphorylation, acetylation, hydroxylation, and ubiquitination, which are the PTMs featured in this study.
Phosphorylation is the most studied PTMs because it is the most commonly occurring PTMs on proteins. The PTM is known to occur on the serine (S), threonine (T), and tyrosine (Y). In plants phosphorylation has been shown to be involved in the regulation of carbon and nitrogen D r a f t 3 metabolism (Diolez et al. 1993) . It is also involved in synthesizing sucrose and ammonia (Huber 2007) as well as in the process of plant growth and response to stress (Luan 2002) .
Acetylation is another common PTM and can be occurring on lysine and the N-terminal (N-T). Acetylation is responsible in essential biological processes such as transcriptional regulation, apoptosis and cytokine signalling (Lee et al. 2010) . It has been reported that 64 lysine acetylation sites were identified on 57 proteins derived from Arabidopsis thaliana (Xia Wu et al. 2011) .
On the other hand, hydroxylation occurs on proline to form hydroxyproline. Hydroxyproline plays pivotal role in several mechanisms of the plant cell wall proteins such as the cell wall signal transduction cascades, plant development and stress tolerance (Polavarapu et al. 2015) .
Ubiquitination is a PTM that occurs through a covalent conjugation of ubiquitin to lysine residue (Kwon et al. 2006) . The function of ubiquitination is to target proteins for degradation by the proteasome and it is involved in the regulation of various cellular processes (Welchman et al. 2005) . The Ubiquitin-proteasome pathway regulates protein degradation which controls the mechanism of homeostasis, growth development, hormone response, and stress response in plants (Devoto et al. 2003; Moon et al. 2004) .
PTM characterization of plant proteins has been an ongoing research in parallel with the plants proteomics, however the advancement of PTM detection through protein sequencing technology is not in parallel with PTM databases. PTM databases are crucial for recording and faster validation of newfound PTMs. The process of manually validating the PTM sites and PTMs occurring on a protein would be too time consuming. Since then, PTM prediction programs were developed as an alternative way to validate the results of PTMs found on proteins by protein sequencing. By using advanced machine learning techniques, a system can be trained to mimic the process of PTM occurring on proteins as if it occurred biologically.
For H. brasiliensis UniProt reports 12 entries of proteins with PTMs using a simple "taxonomy:3981 AND MOD_RES" (www.uniprot.org) query while dbPTM reports 8 entries of proteins with PTMs using "HEVBR" in the "search by Database ID" field (Lu CT et al. 2013) . Some plants PTM databases only cover one type of PTM and the species-based databases PTM did not cover the rubber tree (Kamath et al. 2011) .
The objective of this research was to identify the PTMs of rubber latex proteins by mass spectrometry. In order to identify as much PTMs as possible, all three main fractions of latex formed following ultracentrifugation (C-serum, lutoids and rubber particles) were each fragmented using collision-induced dissociation (CID), higher-energy collisional dissociation (HCD) and electron-transfer dissociation (ETD) mass spectrometry activation methods. The identified proteins with PTMs were then analysed with the corresponding PTM prediction tools to in silico validate the identified PTMs.
Profiling of rubber latex proteins PTMs has never been done using unrestrictive identification of PTMs method before. Only three previous studies on rubber latex proteins reported the identification of two acetylated proteins (Dennis et al. 1989; Sritanyarat et al. 2006) ; UniProt accession number Q6XNP7 and P15252, and a glycosylated protein (Subroto et al. 2001) ; UniProt accession number P52407. It has also been reported that some PTMs are better identified or detected using certain fragmentation methods, such as CID for acetylation (Quan & Liu 2013) , HCD for phosphorylation (Jedrychowski et al. 2011; Nagaraj et al. 2010) , and ETD for ubiquitination (Sobott et al. 2009 ). However, in the current work we have utilised all three fragmentation methods in order to identify post-translationally modified peptides as many as possible.
Methodology

Latex collection
The fresh latex sample was collected from a rubber tree (H. brasiliensis, Clone: RRIM600) grown in Baling, Kedah, Malaysia. The rubber tree was tapped in the early morning and the latex sample collected was stored in liquid nitrogen while it was sent to the laboratory.
Protein extraction and purification
The rubber latex protein extraction was conducted based on the work of Wang et al. (2010) but with slight modifications. Briefly, the frozen fresh latex was thawed and ultracentrifuged for 30 mins at 40,000 g and 4 ˚C. The upper white rubbery layer, middle aqueous layer and bottom creamy layer; rubber particles, C-serum and lutoids respectively, were identified and separated for further purification as stated below:
Purification of different layers
An ice cold buffer containing 20 mmol/L Tris-HCl, 300 mmol/L mannitol, 0.5 mmol/L dithiothreitol (DTT) at pH 7.2 in a ratio of 1:10 (w/v) was prepared. By using the buffer, the rubber particles and lutoids were washed and stirred for 30 mins and 10 mins, respectively, while the C-serum was not added to the buffer. All three suspensions were then ultracentrifuged for 15 mins at 30,000 g and 4 °C. All the layers formed; upper rubbery layer (rubber particles), upper clear phase (C-serum), and bottom creamy layer (lutoids) were collected.
Extraction of protein from different subcellular fractions
The three fractions were separately added into a buffer (100 mmol/L EDTA, 100 mmol/L Tris (pH 8.0), 50 mmol/L Borax, 50 mmol/L Vitamin C, 1% polyvinylpolypyrrolidone (PVPP) (w/v), 1% Triton X-100 (v/v), 2% β-mercaptoethanol (v/v) and 30% sucrose (w/v) in a ratio of 1:5 (w/v) and the mixtures were then vortexed for 30 mins. The rubber particles mixture was then sonicated at 70 W/cm 2 for 5 mins in an ice bath and ultracentrifuged for 15 mins at 15,000 and 4 ˚C. The clear phase was collected. The mixture D r a f t of rubber particles, C-serum and lutoids were mixed with two volumes of Tris-saturated phenol (pH 8.0) respectively and was then vortexed for 15 mins. The upper phase was collected and precipitated with 4 volumes of cold-acetone. The precipitated protein was washed with cold acetone and air-dried prior to fractionation.
Gelfree Protein fractionation
Extracted protein samples from rubber particles, C-serum, and lutoids were then fractionated based on the molecular masses using GELFREE TM 8100 fractionation system (Protein Discovery, U.S.A.). Mid-mass cartridge kit was used in this experiment with fractionation of proteins with molecular masses between 3.5 -150 kDa. A total of 12 fractions were collected and were stored at -20 ˚C prior to further use.
In-solution digestion
All Gelfree fractions of protein were digested using trypsin separately according to method developed by Ru et al. (2006) . Samples were first undergone reduction and alkylation prior to digestion. Briefly, protein samples were solubilized in 500 µL of denaturing buffer (6M guanidine-HCl and 25mmol/L ammonium bicarbonate, pH 8.5). 250 µL of 1 mg/ml DTT/25 mmol/L ammonium bicarbonate was then added to the protein solution and incubated at 55 °C for 30 minutes. Following, 500 µL of 1mg/mL iodoacetamide/25 mmol/L ammonium bicarbonate was added, covered with aluminium foil and incubated at 55 °C for 15 minutes.
The reduced and alkylated protein sample was then buffer exchanged with 25 mmol/L ammonium bicarbonate using spin-column with molecular cut-off of 3 kDa for 3 times. 250 µL of digestion buffer (25 mmol/L ammonium bicarbonate) and trypsin (ratio 1:50) were then added to the sample and incubated at 37 °C for 18 h. The protein samples were then either stored at -20 °C or directly analyzed using mass spectrometry.
Liquid chromatography mass spectrometry
All liquid chromatography-mass spectrometry (LC-MS) and tandem mass spectrometry (MS/MS) analyses were carried out according to our previous work (Habib et al. 2016 ) by using Thermo LTQ/Orbitrap Velos coupled with Easy-nLC II system. Briefly, the tryptic-digested peptides chromatographic separation was performed using Easy-Column C18-A2 (100 0.75 mm i.d., 3 m) coupled with pre-column (Easy-Column, 20 0.1 mm i.d., 5 m) at flow rate of 0.3 l/min and injection volume of sample was 10 µl. Two running buffers were used: (A) 99.9% deionised water with 0.1% formic acid, and (B) 99.9% acetonitrile with 0.1% formic acid. Data acquisition was performed using Xcalibur ver. 2.1 with mass tolerance threshold of 5 ppm.
The MS/MS analysis was performed using the same resolving power and CID was conducted with isolation width of 2 Da, normalized collision energy of 35, activation q of 0.25, activation time of 50 ms, and charge state of 2. HCD parameters was conducted similar to CID D r a f t 6 except activation time was 0.1 ms, and Fourier transform first mass value (m/z) was 100. ETD was conducted with isolation width of 2 Da, normalized energy of 35, activation q of 0.25, activation time of 100 ms, and charge state of 3 or more.
Mass spectrometric data analysis
All MS/MS data analysis was conducted using PEAKS Studio v7.5 (Bioinformatics Solutions Inc, Ontario, Canada). The search parameters includes the parent mass error tolerance at 0.1 Da and fragment mass error tolerance at 0. ; and 442 more built-in modifications in PEAKS 7.5. The max variable PTM per peptide were set at 3. The results was taken from the SPIDER tool within PEAKS Studio and with the following filtration parameters: Protein -10lgP was set at ≥20, Peptide -10logP was set at ≥15, Peptide Spectrum Match's false discovery rate (FDR) was set at 1.00% and the number of unique peptides was set to ≥1.
Protein sequences with PTMs were chosen to be further analysed. All proteins that were found to contain desired modified residues by PEAKS were classified according to the desired PTM types. The protein sequences were then analyzed by PTM prediction tools PlantPhos (Lee et al. 2011) , PLMLA (Shi et al. 2012) , TERMINUS (Charpilloz et al. 2014) , ModPred (Pejaver et al. 2014) and UbiSite (Huang et al. 2016) to predict whether phosphorylation (PlantPhos), lysine acetylation (PLMLA), N-terminal (N-T) acetylation (TERMINUS), hydroxylation (ModPred) and ubiquitination (UbiSite) would occur on the proteins. The protein sequences were also being analyzed with SysPTM (http://lifecenter.sgst.cn/SysPTM/search_protein.jsp) (Li et al. 2009 ) to check for any protein sequences that contain PTMs that has already been reported. The mass spectrometry data can be accessed via MassIVE repository (https://massive.ucsd.edu) using the data set identifier MSV000082419.
Results
PTMs identified by PEAKS
The peptides containing the desired PTMs were screened out and categorized manually. In all, 148117 spectra with 4312 unique peptides and 396 unique proteins were identified by PEAKS. Among these, 5988 spectra with 335 unique peptides and 68 unique proteins had the selected PTMs. These findings are shown in Table 1 .
In this search, 5 types of PTMs (phosphorylation, lysine acetylation, N-T acetylation, hydroxylation, and ubiquitination) identified by PEAKS were chosen based on their significance in plant biology and availability of reliable PTM prediction tools. These findings are shown in 
Identified and Predicted PTMs
The identified peptides with PTMs were screened out and had its whole protein sequences analysed with the corresponding PTM prediction tools. Tables 3, 4 , 5, 6, and 7 show the list of peptides with PTMs that were also predicted to undergo PTM on the corresponding residues. The majority of PTMs identified from this study are new PTMs based on the information from UniProt. The spectra of the peptides with selected PTMs from Tables 3, 4, 5, 6, and 7 are presented in Supplementary file 2.
Discussions
This is a study that aims to identify multiple types of PTMs in the latex of H. brasiliensis without any enrichment process. Three fragmentation methods were used; CID, HCD, and ETD, in order to identify as many PTMs as possible. Majority of the identified PTMs in this study has not been reported and updated in UniProt.
Our findings showed that CID detected the most post-translationally modified peptides, followed by HCD then ETD, which were 202, 79, and 54 peptides respectively. CID also detected the highest number of spectra count for post-translationally modified peptides, followed by HCD then ETD, which were 4441, 1249, and 297 spectra respectively. A more thorough peptide count and spectra count among the selected PTMs are presented in Supplementary table  3. The data pooled from supplementary table 3 also showed that CID and HCD worked better compared to ETD in detecting acetylated peptides (lysine acetylation and N-T acetylation) as has been reported previously (Quan & Liu 2013) . However, from our findings CID was better at detecting phosphorylated peptides compared to HCD and ETD, contrary to past reports (Jedrychowski et al. 2011; Nagaraj et al. 2010) where HCD was concluded as better at detecting phosphoproteins. For ubiquitination, we did not detect any ubiqutinated peptides from ETD, even though it was reported that the gly-gly mass tag is better preserved with ETD (Sobott et al. 2009 ).
The enolase protein; UniProt accession number Q9LEJ0 and Q9LEI9, is a type of allergen that was found to be phosphorylated at S-57, which is similar to enolase identified from Oryza sativa; UniProt accession number B8B2A2, Q5VNT9, and Q10P35 (Nakagami et al. 2010) . It was also observed that many of the identified phosphorylated proteins (UniProt accession number A2TM12, D2K935, E7BQV3, G9G7S0, O49860, P02877, Q6JYQ9, Q6JYR0, Q6KF83, Q9FUC6, Q9LEI9, and Q9LEJ0) were also proteins that were classified as allergens.
We have also identified the N-T acetylation of the rubber elongation factor protein (UniProt accession number P15252) (Dennis MS et al. 1989 ) and major latex allergen Hev b 5 (UniProt accession number Q39967) as documented in UniProt. Identified N-T acetylated proteins include proteins that involve in latex biosynthesis, such as the small rubber particle proteins (UniProt accession number O82803, F8SKC3, and W0JFK7) and the rubber elongation factors (UniProt accession number P15252, W0JBG5, F8SKC2, S5RFJ1, A0A0S3J3S7 , and A0A0S3J3R2). We also identified N-T acetylated proteins in the protein dehydrins (UniProt accession number A0A0U1Z0N6, A0A173DUI3, and A0A173DUH8), thioredoxins (UniProt accession number I1SSJ4, I1SSJ8, and I1SSJ2), and kinases (UniProt accession number I1SN93 and I1SN94). As for lysine acetylation, majority of the identified proteins (UniProt accession number A0A173DUH8, A0A173DUI3, A0A0U1Z0N6, and Q6XNP8) are proteins that involves in response to stress and water, according to their UniProt documentation.
For hydroxylation and ubiquitination, the currently available prediction tools could only predict the modification on lysine (K) and proline (P) residues for hydroxylation, and only on lysine residue for ubiquitination, thereby the proteins with these PTMs that occurs on other residues identified by PEAKS could not yet be validated. The only two validated proteins that contained hydroxylation; UniProt accession number A0A182BM80 and S5RFJ1, are both rubber elongation factor proteins that involve in latex biosynthesis. As for ubiquitination, the validated proteins are classified under rubber elongation factor proteins (UniProt accession number P15252, W0JBG5, F8SKC2, A0A0S3J3R2, A0A0S3J3S7, S5Y401, and S5RFJ1) and dehydrins (UniProt accession number A0A0U1Z0N6 and A0A173DUI3).
Conclusions
In this study, 73 peptides from 47 proteins were identified to contain PTMs without prior enrichment steps. These PTMs should provide initial information on H. brasiliensis functional properties especially the latex biosynthesis and defence mechanism. The PTMs identified in this study may also provide useful resource for statistical and bioinformatic analyses as well as reference for biomarker research in the future. S-112 a Residues in bold followed with "*" indicates a phosphorylated residue b Fragmentation methods and layers where peptides were identified; CID CS(CID C-serum), CID L(CID lutoids), CID RP (CID rubber particle), HCD CS(HCD C-serum), HCD L(HCD lutoids), HCD RP(HCD rubber particle), ETD CS(ETD C-serum), ETD L(ETD lutoids), ETD RP(ETD rubber particle) D r a f t Fragmentation methods and layers where peptides were identified; CID CS(CID C-serum), CID L(CID lutoids), CID RP (CID rubber particle), HCD CS(HCD C-serum), HCD L(HCD lutoids), HCD RP(HCD rubber particle), ETD CS(ETD C-serum), ETD L(ETD lutoids), ETD RP(ETD rubber particle) D r a f t CID CS V5IV12 M-1 a Residues in bold followed with "*" indicates an N-terminal acetylated residue b Fragmentation methods and layers where peptides were identified; CID CS(CID C-serum), CID L(CID lutoids), CID RP (CID rubber particle), HCD CS(HCD C-serum), HCD L(HCD lutoids), HCD RP(HCD rubber particle), ETD CS(ETD C-serum), ETD L(ETD lutoids), ETD RP(ETD rubber particle) D r a f t ETD L A0A182BM80 P-150 DP*AAPEAAR 21.67 HCD RP S5RFJ1 P-109 a Residues in bold followed with "*" indicates a hydroxylated residue b Fragmentation methods and layers where peptides were identified; CID CS(CID C-serum), CID L(CID lutoids), CID RP (CID rubber particle), HCD CS(HCD C-serum), HCD L(HCD lutoids), HCD RP(HCD rubber particle), ETD CS(ETD C-serum), ETD L(ETD lutoids), ETD RP(ETD rubber particle) D r a f t Fragmentation methods and layers where peptides were identified; CID CS(CID C-serum), CID L(CID lutoids), CID RP (CID rubber particle), HCD CS(HCD C-serum), HCD L(HCD lutoids), HCD RP(HCD rubber particle), ETD CS(ETD C-serum), ETD L(ETD lutoids), ETD RP(ETD rubber particle)
